Abstract Cobalt-doped ZnO nanoparticles have been synthesized using a simple citrate sol-gel auto-combustion method. The XRD confirms nano-single phase and Wurtzite structure. Increased cobalt solubility from 15 to 20 % was observed in ZnO matrix due to low temperature synthesis. Room temperature paramagnetic contribution is observed for all the samples, since cobalt is a neutral dopant and no free carriers are produced. Normally, ferromagnetism is observed in ZnO due to carrier mediated interaction between transition metal ions and free carriers. Hence no ferromagnetism was observed and only paramagnetism was observed due to non-availability of free carriers for long range ferromagnetic interaction in our system. At higher doping, peak broadening of the highly intense XRD peak (101) was observed indicating formation of cobalt cluster (metal-metal) which reduces paramagnetism due to antiferromagnetic interaction and the magnetization value decreases to 0.00456 from 0.0076 emu/g. Absence of photoluminescence peak at 520 nm due to oxygen related defects also supports, the presence of paramagnetism in our samples, since oxygen defects are the another source of ferromagnetism in ZnO. Indirect evidence for the presence of cobalt clustering is also obtained from the photoluminescence studies which lead to concentration quenching of peaks. Photoluminescence studies exhibit NBE peak at 412 nm and defect peaks at 471 and 672 nm. The intensity of red emission peak at 672 nm remains constant whereas the intensity of the peaks at 412 and 471 nm increases and then decreases due to doping induced disorder leading to concentration quenching.
Introduction
ZnO is a wide band gap (3.37 eV) semiconductor with a large exciton binding energy (60 meV) possessing unique photonic and spintronic properties (Segawa et al. 1997) . 3d transition metal (Co, Ni, Mn, Cu, Cr, V and Fe)-doped wide band gap oxides, such as ZnO, TiO 2 and SnO 2, are preferred for their high T c , compared to traditional III-V series such as GaN, GaAs, InP and GaP, for room temperature ferromagnetism applications (Dietl et al. 2000; Hammad and Salem 2011) . ZnO exhibits visible luminescence even though excitation is carried out at different UV wavelengths due to formation of different types of defects. Transition metal doping of ZnO enhances optical absorption leading to changes in the band gap which makes the semiconductor to be more effective photo catalyst, leading to the development of novel magneto-optoelectronic devices (Lebedeva and Kuivalainen 2003; Ando et al. 2001a, b) .
Room temperature ferromagnetism in ZnO is not yet resolved even though a large number of theories were proposed. Room temperature ferromagnetism in ZnO is connected to free carriers and production of free carriers either by doping (p or n type) or by some other method is a necessary condition for room temperature ferromagnetism. Lot of contradictory reports are available on transition metal-doped ZnO, giving rise to ferromagnetism or paramagnetism depending upon the preparation conditions. The site occupancy of dopant atom (lattice or interstitial) is important and whether it produces free carriers in the form of shallow acceptor or donor levels, to decide the nature of magnetism in ZnO.
Carrier-mediated ferromagnetism is designed to explain room temperature ferromagnetism in DMS following Zener (1950) model and formation of defect with free carriers leading to bound magnetic polaron (BMP) is proposed by Coey et al. (2005) to explain room temperature ferromagnetism in transition metal-doped systems. After the discovery of ferromagnetism in all (conducting, semiconducting and insulating) nano-oxide materials (Sundaresan et al. 2006) , such as CeO 2 , HfO 2 , Al 2 O 3 , SnO 2 , In 2 O 3 , ZnO, etc., oxygen-related defect-induced ferromagnetism is sought to explain the observed room temperature ferromagnetism. Recently non-magnetic materials such as aluminum, gallium and nitrogen doped in ZnO produced room temperature ferromagnetism giving rise to carrier induced ferromagnetism. Hence it is understood that free carriers are the essential requirement for room temperature ferromagnetism whatever may be the mechanism proposed for room temperature ferromagnetism in ZnO.
Several groups observed the ferromagnetism in Zn 1-x Co x O nanoparticles by a variety of preparation methods, such as hydrothermal technique, pulsed laser deposition, ball-milling and sol-gel etc (Yang et al. 2006; Wang et al. 2012; Sarsari et al. 2011) . Lee et al. (2002) also reported ferromagnetism above 350 K in cobalt-doped ZnO films synthesized by the sol-gel method having solubility up to 20 % and beyond 25 % impurity peak was found and the observed ferromagnetism is attributed to increased free carrier concentration. Ueda et al. (2001) reported ferromagnetism with a Curie temperature higher than room temperature for the cobalt-doped ZnO films grown by the pulsed laser deposition technique. The origin of room temperature ferromagnetism in cobalt-doped ZnO still remains controversial.
Some research groups reported no ferromagnetism in their nanocrystalline powders of cobalt-doped ZnO samples (Risbud et al. 2003; Bouloudenine et al. 2004; Rao and Deepak 2005) . Risbud et al. (2003) prepared nanopowders of Zn 1-x Co x O (x = 0.05-0.30) with (particle sizes in the 50-200 nm) using zinc and cobalt oxalates synthesized at a temperature of 1,173 K and the magnetism is attributed to the interaction between isolated cobalt ions and paired cobalt ions giving rise to paramagnetic and antiferromagnetic interactions coexist. Zhang et al. (2006a, b) also confirmed the same from Rutherford backscattering channeling technique (RBS) studies. Bouloudenine et al. (2004) reported that no distinct ferromagnetic behavior due to the absence of free carriers was observed in Zn 1-x Co x O (x = 0.10) with particle size of around 100 nm, prepared by hydrothermal technique at 240°C (Rao and Deepak 2005) observed the absence of ferromagnetism in cobaltdoped ZnO powders with particle sizes of 30-50 nm prepared by low temperature decomposition of acetate solid solutions and absence of ferromagnetism is attributed to absence of free carriers in the system.
In the present work, we have prepared cobalt-doped ZnO at a temperature of 450°C without any secondary phases using sol-gel auto-combustion technique and paramagnetism was observed as a result of no free carriers are available, as cobalt in the ZnO lattice goes as neutral impurity in the lattice without giving rise to free carriers but acts as isolated transition metal ion with local 3d spin.
Experimental procedure
Cobalt-doped ZnO nanoparticles were synthesized by solgel method using citric acid as a precursor. Zinc nitrate hexahydrate (99.9 %), cobalt nitrate hexahydrate (99 %), citric acid (99 %), 30 % ammonia solution are used as reactants. All aqueous metal nitrates were added to citric acid under constant stirring. Metal complexing is observed after addition of 30 % ammonia solution until pH is 9.0 and pink color change was observed. The gel was evaporated and combustion was observed at 100°C and the resultant powder was calcined at 450°C for 8 h.
The structural properties of Zn 1-x Co x O powders were studied by XRD (Xpert PROPANalytic X-ray diffractometer at Karaikudi Alagappa university) using monochromatic Cu-K a radiation for 2h values from 10 o to 80 o at room temperature. Magnetic and photoluminescence studies were carried out using VSM (Vibrating sample magnetometer of range 1.4 T, SAIF, IIT Madras) and Spectroflurometer (Flourolog-3range form 180-1550 nm, CIF, Pondicherry University).
Results and discussion
Powder X-ray diffraction (XRD) pattern of the samples of Zn 1-x Co x O (x = 0.05, 0.1, 0.15, 0.2 and 0.25) are shown in Fig. 1 . The diffraction patterns of the samples confirm wurtzite structure of ZnO. No other peaks corresponding to cobalt related secondary or impurity phase was found in cobalt-doped ZnO sample, which may be attributed to the incorporation of cobalt ion into the Zn lattice site.
The average grain size (D) of the crystallite was estimated from the FWHM of XRD lines by using the DebyeScherrer formula
where, K is the particle shape factor (0.9), k is the wavelength of Cu-K a radiation (1.5406), b is the full width at half maximum (FWHM) of the XRD peak and h is the diffraction angle of the peak. It can be seen that the average size of nanoparticles decreased from 25 to 14 nm as the doping concentration of cobalt metal is increased from x = 0.05 to 0.20, which is attributed to the variance in the ionic radii of cobalt (0.58 Å ) and zinc (0.60 Å ) (Shannon and Prewitt 1969; Shannon 1976 ) as shown in Table 1 . Shifting of the XRD 101 peak was found as a function of doping concentration, which is attributed to size reduction and consequent lattice strain is responsible for the peak shift (Pal and Giri 2010) . With increasing x, the particle size gradually decreases and shows rapid changes for x [ 0.20, indicating that cobalt incorporation into the ZnO lattice decreases the particle size (Hays et al. 2005 (Hays et al. , 2007 .
As a function of doping concentration, when x increases particle size decreases gradually from 25 nm for x = 0.05 to 14 nm for x = 0.20 indicating cobalt substitution in the ZnO lattice decreases the grain size from 25 to 14 nm. For cobalt concentration of (x = 0.25) the particle size suddenly increases from 14 to 29 nm and the change in the particle size is responsible for strain induced in the lattice. Consequently strain is responsible for cobalt clustering. Most of the existing reports explain that cobalt has a limited solubility in ZnO up to *15 % (Zhang et al. 2006a, b; Rath et al. 2009; Bhat and Deepak 2005; Seunghun Lee et al. 2012 ). In our case the doped solubility limit is increased to 20 % which is attributed to nanophasic nature of ZnO synthesized via sol-gel method at low temperature. Moreover, Risbud et al. (2003) have also found that cobalt solubility in ZnO is beyond 20 % when oxalate precursors are sintered at 1,173 K. Figure 2a and b shows the magnetic properties of cobalt-doped ZnO nanoparticles investigated using vibrating sample magnetometer as shown in Table 2 . For non-saturating field, when cobalt ion (x = 0.05 and 0.10) is doped in ZnO, it exhibits large paramagnetic behavior. In ZnO, ferromagnetism arises due to carrier mediated interaction between transition metal ions and free carriers. Shi et al. (2010) reported that cobalt is a neutral dopant atom which do not produce free carriers from X-ray absorption near-edge structure (XANES) studies. Hence, non availability of free carriers is responsible for the observed paramagnetism in our sample. Moreover according to mean-field theory (Jayanthi et al. 2010 ) observed ferromagnetism in Zn 1-x TM x O, which is attributed to interaction between transition metal atoms and free carriers giving rise to ferromagnetism. It is evident as free carriers are not available, paramagnetism was observed in our system. Moreover, in support of our argument Bouloudenine et al. (2004) reported that the observed paramagnetism is due to absence of free carriers. Also the other source of ferromagnetism in ZnO is due to the presence of oxygen related defects. Pal and Giri (2010) assigned the presence of 520 nm peak in photoluminescence to oxygen related defects. The absence of 520 nm peak in our photoluminescence spectra may be attributed to absence of ferromagnetism as no oxygen related defects are present in the sample.
In Fig. 2b , magnetization-field curves of the compound Zn 0.90 Co 0.10 O and Zn 0.85 Co 0.15 O appear to be different because of coexistence of paramagnetism as well as antiferromagnetism. The differences in the coordination of cobalt atom (changes in the nearest neighbors due to clustering) giving rise to small change in coordination tetrahedra, neighboring defects and local lattice distortions may lead to different magnetic behavior, is responsible for the displacement of magnetization curve (Kobayashi et al. 2005) .
Further increasing cobalt concentration (x = 0.15, 0.20 and 0.25) no impurity peak was found. But the broadening of (101) peak was found indicating cobalt is segregated at grain boundary which further reduces the paramagnetism due to Co-Co metal cluster antiferromagnetic interactions (Garcia et al. 2010; Quesada et al. 2006) . Already reports are available that high cobalt concentration would produce poor crystallization leading to a disturbance in regular arrangement of the magnetic moment (Ma et al. 2008) . As a result, magnetization values are reduced due to low magnetic moment order. In favor of this Pal and Giri (2010) reported the absence of ferromagnetism and transition to paramagnetism is attributed to possible antiferromagnetic interactions due to the reduction in average interatomic distance of doped cobalt ions which is supported by the changes in the lattice parameter value. Finally to conclude, the XRD patterns show that the samples are single-phase Wurtzite structure and peaks of no secondary phase are observed. Hence paramagnetism was observed in our system since presence of secondary phases of cobalt will give rise to ferromagnetism (Wang et al. 2006) .
The photoluminescence spectra of cobalt-doped ZnO nanopowders (excited at 370 nm using Xe laser source) at room temperature is shown in Fig. 3 . The three strong emission peaks ranges from 412 nm to 672 nm is observed. Photoluminescence spectra of Zn 1-x Co x O nanoparticles consist of a Near Band Edge peak of strong ultraviolet emission band centered at 412 nm (3.00 eV), defect level edge peak of blue emission at 471 nm (2.63 eV) and a red emission band at 672 nm (1.84 eV). Ultraviolet emission peak around 412 nm is related to the recombination of free excitons arising from Near band edge transition of ZnO through an exciton-exciton process (Li et al. 2006) , while the defect level emission intensity at 471 nm correlates directly with intrinsic defect density. With increasing cobalt concentration, emission intensity of the peak at 412 nm and 471 nm increases exponentially for the concentrations x = 0.05 and 0.10, as shown in Fig. 3 . Further increasing the concentration, the intensity of the peak decreases due to concentration quenching, which may be correlated to the cluster formation as indicated in the broadening of the XRD (101) peak, for higher doping.
Hence it may be concluded that for room temperature ferromagnetism to occur either free carriers are required (carrier mediated or carrier induced) or formation of oxygen related defect is another essential condition for room temperature ferromagnetism. In this connection that our photoluminescence studies confirm, that no oxygen related defect are found, hence our system exhibit paramagnetism (Pal and Giri 2010) . The second DLE peak at 672 nm for red emission contribution is attributed to characteristic transition of the high-spin cobalt levels which gives further support that cobalt ion are substituted for the tetrahedrally coordinated Zn 2? ions in the ZnO matrix. Our results were in good agreement with the previous results, which further indicated that cobalt ions were substituted for Zn 2? ions in ZnO.
Conclusions
The cobalt-doped ZnO nanopowders were synthesized by citrate sol-gel auto-combustion method. Increasing the cobalt concentration (x = 0.05, 0.10 and 0.15) decreases the crystallite size. Solubility of cobalt in ZnO matrix is investigated and increased solubility from 15 to 20 % was found which was attributed to low temperature synthesis. Magnetic measurements reveal paramagnetism among the cobalt ions. Hence no ferromagnetism was observed only paramagnetism was observed due to non availability of free carriers for long range ferromagnetism interaction in our system. When cobalt concentration is increased, peak broadening (101) was observed indicating formation of cobalt cluster (metal-metal) which reduces paramagnetism due to antiferromagnetic interaction and the magnetization values are found to be decreasing. Photoluminescence studies reveal that decrease of intensity of the peak (412 and 471 nm) is due to concentration quenching. Absence of 520 nm peak is related to oxygen vacancy in PL studies also indicates the absence of ferromagnetism in support of our argument. 
